Silicon anode experiences large volumetric change (400%) during lithiation in lithium ion batteries, which induces fracture and plasticity. In this paper, the boundary effect of silicon nanofilms on the structural evolution, plasticity, stress, and strain during lithiation is studied by first-principles calculations. It is found that rigid boundary induces compression stress and structural disruption during lithiation, as well as voids and plastic deformation during delithiation. In contrast, free boundary allows silicon to expand freely and release the stress during lithiation. Moreover, the volume expansion of the lithiated Si is totally recoverable during delithiation and thus the deformation is entirely elastic. V C 2012 American Institute of Physics.
Silicon (Si) is considered to be one of the most promising anode materials in lithium (Li) ion batteries due to its highest known specific capacity, 4200 mAh/g, 1 which is one order of magnitude higher than that of the present anode material, graphite (372 mAh/g). However, upon insertion and extraction of Li during charge and discharge cycling, Si experiences large volume expansion (up to 400%), 2 which will pulverize the electrodes. 3 This has been one of the main bottlenecks in the commercial use of Si in Li-ion batteries. In recent years, many efforts have been made to minimize the pulverization and the capacity loss. In particular, Si nanostructures such as Si nanowires, [4] [5] [6] nanotubes, [7] [8] [9] and nanofilms [10] [11] [12] have been studied to improve the performance by various stress relaxation mechanisms. In parallel, there have been some efforts to understand the origin of fracture in lithiated Si. For example, Sethuraman et al. 13 used optical methods to in-situ measure the stress evolution in lithiated/ delithiated Si film and a novel feature, plasticity, has been observed in this classic material which is usually considered to be brittle. Zhao et al.
14 conducted first-principles calculations to study the stress/strain relations of various Si/Li alloys and plasticity was found to present when Li composition is high. In a recent work, 12 it was found that Si nanofilms on soft substrate can significantly improve the cyclic retention, which seems to suggest that the constraint on Si anode plays an important role. In this paper, the boundary effects on the lithiation-induced structural evolution, plasticity, stress, and strain of Si nanofilms are studied by using first-principles pseudopotential method. Both fixed and free boundaries are examined. It should be pointed out that the central theme of this work is the effect of boundary condition on plasticity of lithiated Si but not the kinetic process (e.g., diffusion). Therefore, the following study is static rather than dynamic.
Our calculations are performed via a plane-wave pseudopotential formulation [15] [16] [17] within the framework of density functional theory (DFT). The code is implemented in the Vienna ab initio simulation package (VASP). The electronion interaction is modeled using the projector-augmented wave (PAW) technique. 18, 19 The exchange-correlation energy is in the form of PW91 20 and the cutoff energy for the plane wave expansion is set to be 800 eV. All the structures are fully relaxed until the magnitude of the forces acting on all the atoms becomes less than 0.04 eV/Å .
A unit cell including 34 Si atoms is employed to model a Si (001) nanofilm with thickness of 23.5 Å . The Si atoms on the top and bottom surfaces are passivated by hydrogen (H) atoms. A vacuum layer of 15 Å is applied to separate the repeated slabs, which is large enough to avoid any artificial interaction between periodic images. Figure 1 shows the side views of Si nanofilm from two different directions. For the fully relaxed structure, the lattice constant a is calculated to be 5.52 Å , which is very close to the experimental value of 5.43 Å 21 for the conventional cubic cell of bulk Si. As mentioned before, we consider two types of boundary condition, namely, the completely rigid and free boundaries. The rigid boundary is used to model the case that Si nanofilm anodes are on rigid current collectors, 10 in which the Si nanofilms can only deform along the out-of-plane direction but not the in-plane direction. This boundary condition is implemented by freezing the H atoms on the bottom and the associated Si atoms. The free boundary represents a scenario that Si nanofilm anodes are on a very soft substrate, 12 in which the Si nanofilms can deform freely along all the three directions and the unit cell is thus relaxed.
To model the lithiation process when the Si nanofilm is charged, Li atoms diffuse into the Si nanofilm and tend to occupy the tetrahedral (Td) positions, which are believed to be energetically most favorable. 22 An assumption of an extremely low charge rate is used in the calculations and thus the Li atoms have enough time to diffuse into those energetically most favorable sites (i.e., Td positions). This situation can also be imagined as the formation of Si/Li alloy followed by annealing. It is also reported that the Li atoms tend to separate each other to form a homogeneous doping distribution when the concentration is low. 23 Considering all these factors, we assume that in initial structures Li atoms are homogeneously distributed at each concentration and at the same time they are separated as far as possible from each other. Upon structural relaxations, the Li atoms may distribute inhomogeneously as to be shown in the following, particularly for relatively higher Li concentration.
We begin with the rigid boundary condition. As Li diffuses into the Si nanofilm, different phases of Li x Si are formed, where x represents the ratio between the number of Li atoms to that of Si atoms in the unit cell. It should be noticed that x is related to but different from the conventional concentration as the maximum value of x is 4.4 based on the Li 22 Si 5 structure. 1 However, to make the description concise, we still use x as the Li concentration. Figure 2 shows the structural evolution of Si nanofilm with rigid boundary upon lithiation, where six different Si/Li phases are investigated. The following criterion is used to determine the Si-Si bond breaking and reformation: two Si atoms are bonded if the deformation of the bond length is within 20% compared to that in bulk Si, which corresponds to a largest distance of 2.87 Å ; otherwise, the Si-Si bonds are broken. 14 The first impression from Fig. 2 is that with the increase of Li concentration (i.e., x varies from 0.06 to 1.00), the nanofilm expands in the vertical direction and the in-plane directions remain unchanged, which indicates that the rigid boundary has been realized. The second impression from Fig. 2 is the Si-Si bond breaking and reformation. As shown in Figs. 2(a)-2(d) , for smaller x varying from 0.06 to 0.29, the Si nanofilm maintains good crystal structure which is almost the same as pristine Si nanofilm. However, when x increases to 0.53, as shown in Fig. 2(e) , some Si-Si bonds are broken and at the same time new Si-Si bonds are formed. When x increases further from 0.53 to 1, we see from Fig.  2 (f) that the newly formed bonds are broken and at the same time, some originally connected bonds are also broken. Due to the breaking and reformation of Si-Si bonds, the Si nanofilms become partially disordered, as circled by the purple lines in Figs. 2(e) and 2(f). This structural change may result in cracking of Si anodes. It is also noticed that Li atoms are inhomogeneously distributed for relatively high Li concentration (e.g., Figs. 2(e) and 2(f)) even uniform distribution is used in their initial structures.
The stress in the lateral direction can be obtained from the derivative of the free energy in our calculations. Figure  3(a) shows the evolution of the lateral stress as a function of Li concentration x. The first data point corresponds to the pristine Si nanofilm and the following six data points correspond to the six Si/Li phases shown in Fig. 2 . The black solid line is for lithiation while the red dashed lines indicate delithiation. As the Si nanofilm is charged, the compressive stress is developed as a result of the rigid boundary in the lateral directions. When x is relatively small (x 0:15), the absolute value of the compressive stress increases as x increases and it reaches the local maximum at x ¼ 0:15. For these phases, if Li is removed, the lateral stresses retract to zero as shown by the red dashed lines. This implies that for low Li concentration, the lithiated Si is still under the elastic deformation, which is consistent with the observations that the crystal structures remain and there is no bond breaking and 
reformation (Figs. 2(a)-2(c))
. Further increase of x leads to less compressive lateral stress and the lithiated Si seems to be softened. The exact reason for softening is not very clear but our speculation is that it may be caused by nonsymmetrical motions of some internal Si atoms as Li atoms are inserted (Figs. 2(c) and 2(d) ). Fig. 3(b) illustrates the trajectory of a particular Si atom from its initial position (marked as A 0 ), to position A c for Fig. 2(c) and A e for Fig. 2(e) . The change of these locations is due to the way that the Li atoms are inserted. It is somewhat similar to instability or bifurcation and worth further study. More interestingly, even at the softening stage, the delithiated Si nanofilms can be relaxed to the vanishing stress state, as shown by the red dashed lines shown in Fig. 3(a) . This suggests that the softened lithiated Si is still under the elastic deformation, which is very different from the classical metallic materials where the softening usually means plastic deformation. As Li concentration continuously increasing, the compressive stress increases again and it reaches 1.0 GPa at x ¼ 1:0. At this stage the delithiation cannot recover to the vanishing stress state, which means that the structure destruction is permanent and the plastic deformation occurs. Therefore, under the confined boundary conditions that is the common case in almost all experiments, the nonlinearity between Si stress and Li concentration does not necessarily indicate plasticity but the structural recoverability during delithiation is a measure of plasticity. As shown in Fig. 3(c) , the delithiated Si shows many broken and reformed Si-Si bonds, which can be considered as cracks and voids in the Si nanofilms. It should be mentioned that we have also considered the delithiation layer by layer, i.e., removing Li atoms from the lithiated Si from the top to bottom. Our calculations indicate that the structure destruction develops from the top to bottom of Si nanofilm. Indeed, the development and evolution of cracks and voids were previously identified in experiments. Huang et al. 24 first reported the in situ observation of a reaction front in SnO 2 nanowire. This reaction front contains mobile dislocations, which indicate large inplane misfit stress and the amorphization of the nanowire. The phenomenon is observed in Si nanowire as well. 25 We now move to the discussions with free boundary conditions in the lateral direction. In this case, the Si nanofilm is fully relaxed in all directions and the stress is totally released. We also assume that Li atoms distribute uniformly in the Si nanofilms for the initial structures. Figures 4(a)-4(f) show the structural evolution of the Si nanofilm upon lithiation. Unlike the case where the Si nanofilm is fixed in the lateral directions, we now find that the lithiated Si nanofilms retain the crystal structure even for relatively higher Li concentration (x ¼ 1:0). This is reasonable since the free boundary conditions allow the lithiated Si to expand in the lateral directions and release the compressive stress. Fig. 4(g) plots the strain along the lateral direction of the Si nanofilm as a function of Li concentration x. As the stress is released in the lateral direction, the strain is actually the eigenstrain due to lithiation. In other words, this curve gives a lithiation eigenstrain as a function of Li composition in the Si/Li alloy, which can be used to describe the compositional expansion during lithiation in many continuum level simulations. 26, 27 The nonlinear behavior shown in Fig. 4(g) suggests that more thorough studies are needed to understand how Si expands during lithiation. For delithiation, the strain retrieves to zero as the structure is not distorted (Figs. 4(a)-4(f) ), so the lithiation is an elastic deformation for Si nanofilms with free boundary conditions. This result seems to suggest a means to keep the lithiation process elastic by removing the constraints.
In conclusion, we have investigated the effect of boundary conditions on the lithiated Si nanofilms using firstprinciples calculations. The evolution of structure, stress, and strain as a function of Li composition are discussed. The rigid boundary induces compression stress and leads to structural disruption. The delithiation then introduces voids and the plastic deformation presents, which is unfavorable for the retention of Si anodes in Li-ion batteries. On the other hand, the free boundary allows the lithiated Si to expand freely and release the stress. The structure of the lithiated Si is intact and the expansion is totally recoverable. The deformation is entirely elastic, which is highly desirable in the Liion batteries applications using Si as anodes. We must admit that our calculations are only for ideal situations, i.e., completely rigid or free substrates and extremely slow charge rate. However, our results still qualitatively explain the related experiments. For example, when the substrate becomes softer, the stress relaxation can be realized and better retention is expected. In fact, it has been reported that soft substrate can release the stress by buckling the Si nanofilms during charge/discharge cycles, which in turn provides better cyclic retention for Si anodes.
